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ABSTRACT
The evolution of powerful extragalactic jets is not only interesting by itself, but also for
its impact on the evolution of the host galaxy and its surroundings. We have performed
long-term axisymmetric numerical simulations of relativistic jets with different powers
to study their evolution through an environment with a pressure and density gradient.
Our results show key differences in the evolution of jets with different powers in terms
of the spatial and temporal scales of energy deposition. According to our results, the
observed morphology in X-ray cavities requires that an important fraction of the jet’s
energetic budget is in the form of internal energy. Thus, light, lepton-dominated jets
are favoured. In all cases, heating is mainly produced by shocks. Cavity overpressure
is sustained by an important population of thermal particles. Our simulations repro-
duce the cool-core structure in projected, luminosity-weighted temperature. We have
performed an additional simulation of a slow, massive jet and discuss the differences
with its relativistic counterparts. Important qualitative and quantitative differences
are found between the non-relativistic and the relativistic jets. Our conclusions point
towards a dual-mode of AGN kinetic feedback, depending on the jet power.
Key words: Galaxies: active — Galaxies: jets — Hydrodynamics — Shock-waves —
Relativistic processes — X-rays: galaxies: clusters
1 INTRODUCTION
Extragalactic jets are usually observed in massive elliptical
galaxies, either isolated or in rich clusters, and represent
up to 1% of the total number of known galaxies (Reynolds
2012). Radio-loud galaxies (with strong radio emission due
to the presence of a jet) are most common among the more
massive galaxies, representing up to 30% of the galaxies with
mass over 5× 1011M⊙ solar masses (Best et al. 2005). The
jets are formed in the surroundings of supermassive black
holes in (radio-loud) active galactic nuclei (AGN) as a result
of magnetohydrodynamical processes (Blandford & Znajek
1977; Blandford & Payne 1982). The jet is accelerated to
relativistic velocities, as observed with the VLBI technique
(see, e.g. Lister et al. 2009), and is thus supersonic. Con-
sequently, it forms a strong shock in the ambient medium,
which propagates at a fraction of the speed of light dur-
ing the first kiloparsecs of evolution (Owsianik & Conway
1998). The evolution of the jet after the first kiloparsec
is related to its intrinsic properties (e.g., kinetic power)
and those of the host galaxy (e.g., gas density). These
shocks have been shown to propagate to kiloparsec scales
⋆ E-mail: manel.perucho@uv.es
in powerful radio sources, like Hercules A (Nulsen et al.
2005), Hydra A (Simionescu et al. 2009b), MS0735.6+7421
(McNamara et al. 2005), HCG 62 (Gitti et al. 2010), 3C 444
(Croston et al. 2011) or PKS B1358-113 (Stawarz et al.
2014), which is in agreement with the results reported
in Perucho, Quilis & Mart´ı (2011) (Paper I, from now
on) regarding the existence of large-scale, low-Mach num-
ber shocks around powerful radio sources. Nevertheless,
shocks have been detected even in less-powerful jets
(Kraft et al. 2007; Croston et al. 2007), and this is also con-
firmed by numerical simulations (Perucho & Mart´ı 2007;
Bordas, Bosch-Ramon & Perucho 2011).
These jets present a morphological dichotomy between
FRI and FRII type jets (Fanaroff & Riley 1974). Whereas
the former (e.g., 3C 31, Laing & Bridle 2002) show disrupted
structure consisting of plumed lobes at kiloparsec scales, the
latter (e.g., Cyg A, Carilli & Barthel 1996) are highly col-
limated and show bright hotspots at the interaction region
with the ambient medium. Even though the Lorentz fac-
tors of both FRI and FRII jets appear to be similar at the
parsec scales (Giovannini et al. 2001; Celotti & Ghisellini
2008), the present paradigm of FRI jet evolution (Bicknell
1984; Laing 1993, 1996) states that these jets are decelerated
at kiloparsec scales due to entrainment of gas and their prop-
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erties become different from those of FRII jets. The origin
of this dichotomy is attached to a complex combination of
several intrinsic (e.g., jet power) and external (i.e., environ-
mental) factors. The main processes invoked to explain this
difference are entrainment (De Young 1986, 1993; Bicknell
1994) and mass load by stellar winds (Komissarov 1994;
Bowman, Leahy & Komissarov 1996; Laing & Bridle 2002;
Hubbard & Blackman 2006). Hybrid morphology sources, in
which one of the jets shows FRII morphology and the other
jet shows FRI morphology (Gopal-Krishna & Wiita 2000),
have been invoked as evidence for the role of the ambient
medium in this dichotomy, but the different effect of the
growth of instabilities (e.g., Perucho et al. 2010), the mass
load by stellar winds (Bowman, Leahy & Komissarov 1996;
Perucho et al. 2014) or the clear correlation between the jet
power and its morphology (Rawlings & Saunders 1991) rule
it out as the only important parameter in the dichotomy.
It has been recently suggested that there could be a tran-
sition in time between FRII and FRI morphology, after a
decrease in the jet injection power (Wang et al. 2011). How-
ever, this hypothesis should explain why FRI jets show rela-
tivistic speeds at the parsec scales (see, e.g. Giovannini et al.
2001).
A cornerstone question in galactic Astrophysics and
Cosmology is the interplay between galactic activity and
the evolution of the host galaxy, via changes in the interstel-
lar medium and in the evolution of the supermassive black
hole at its nucleus, or with the X-ray emitting intraclus-
ter gas (ICM). The ICM emits thermal (bremsstrahlung)
radiation and cools down at a rate that implies short cool-
ing times as compared to the age of the Universe. After
losing energy, the gas should fall onto the galactic poten-
tial well. The expected falling rate of such cooling flows is
10 − 100M⊙ yr−1. In the last decades, the observations of
clusters of galaxies at the X-ray band with the space ob-
servatories XMM-Newton and Chandra revealed a lack of
cool gas in the centers of many galaxies, contrary to expec-
tations (see, e.g., McNamara & Nulsen 2007; Fabian 2012,
and references therein).
This cooling flow problem has also important impli-
cations regarding the star formation rates in those galax-
ies and the growth of the central black hole (see, e.g.,
McNamara & Nulsen 2007; Fabian 2012; Cattaneo et al.
2009). In fact, galaxy formation models neglecting the
AGN heating lead to an overproduction of stars in
massive galaxies (Oser et al. 2010; Lackner et al. 2012;
Navarro-Gonza´lez et al. 2013) which results in galaxies
overly massive and star forming. This overcooling prob-
lem appears much alleviated in hydrodynamical simulations
which implement self-consistent subgrid models of AGN
feedback (e.g. Sijacki et al. 2007; Dubois et al. 2010, 2013;
Vogelsberger et al. 2014).
Thus, the cooling flow problem is an issue that
has triggered a large list of publications including new
observations or theoretical attempts to explain it. The
most accepted heating mechanisms proposed to stop the
cooling flows are related to galactic activity (see, e.g.,
McNamara & Nulsen 2007; Fabian 2012, and references
therein). The observed anti-correlation between the ra-
dio lobes formed by jets and the X-ray emission from
the cluster gas (e.g., McNamara & Nulsen 2007; Fabian
2006) raised the idea that the buoyancy of under-dense
cavities formed by these jets could perform mechanical
work on the ambient gas by displacing it and thereby
heating it by compression. Moreover, significant levels of
metallicity have been recently detected at considerable dis-
tances from the active galaxy, which is possible only if
an outflow dragged those metals produced in the stars
within the galaxy and brought them away (Simionescu et al.
2009a; Kirkpatrick et al. 2009; Werner et al. 2010, 2011;
Kirkpatrick, McNamara & Cavagnolo 2011). The amount of
work required to displace the ambient gas from the cavi-
ties is computed using simple arguments (W = p V , with
p the pressure measured for the ambient gas and V an esti-
mate of the volume of the X-ray cavity, e.g. McNamara et al.
2005). The ages of those bubbles can be inferred using an
estimate for the velocity of buoyant motion of the cavity.
This information and the estimate of the work done to in-
flate the X-ray cavity, results in values for the AGN output
power (Bˆırzan et al. 2008) that are compatible with typical
jet powers (see, e.g., Willott et al. 1999; Ghisellini & Celotti
2001a; Lo´pez-Corredoira & Perucho 2012). However, re-
cent observations have shown that the lobes are sur-
rounded by shocks with low Mach numbers (Ms = 1 − 2
McNamara et al. 2005; Nulsen et al. 2005; Simionescu et al.
2009b; Gitti et al. 2010) in powerful sources, i.e., they have
not reached the buoyancy stage, but evolve owing to pressure
difference with the environment. This would imply faster
evolution (pressure driven) and, accordingly, larger jet pow-
ers than estimated.
A large amount of theoretical work has been per-
formed, mainly via numerical simulations, attempting
to explain the process of heating and, more recently,
feedback. Heating by the buoyant bubbles formed by relic
radio lobes has been extensively studied (Churazov et al.
2001; Quilis, Bower & Balogh 2001; Bru¨ggen & Kaiser
2002; Churazov et al. 2002; Ruszkowski & Begelman
2002; Bˆırzan et al. 2004; Dalla Vecchia et al. 2004;
Roychowdhury et al. 2004; Brighenti & Mathews 2006;
Roediger et al. 2007; Sternberg & Soker 2008, 2009;
De Young 2010). In this scenario the heating process occurs
by mixing after the development of Rayleigh-Taylor or
Kelvin-Helmoltz instabilities in the boundary between the
bubble and the ICM, and in the turbulent wake of the buoy-
ant motion. The mixing produces a net gain of internal en-
ergy of the ICM that has been claimed to be efficient enough
to stop or delay the cooling flows. Another approach to this
problem consisted on the injection of a jet (or mass and
energy) into a numerical grid filled by the ambient medium
(e.g., Churazov et al. 2001; Quilis, Bower & Balogh 2001;
Bru¨ggen & Kaiser 2002; Reynolds, Heinz & Begelman 2002;
Omma et al. 2004; Omma & Binney 2004; Zanni et al.
2005; Brighenti & Mathews 2006; Vernaleo & Reynolds
2006; Cattaneo & Teyssier 2007; Vernaleo & Reynolds 2007;
Bru¨ggen et al. 2007; Binney, Alouani Bibi & Omma 2007;
Bru¨ggen et al. 2009; O’Neill & Jones 2010; Gaspari et al.
2011a,b; Gaibler et al. 2012). Many of the jet simulations
do not take into account the relativistic nature of the jet
flow and thus require unrealistic initial jet radii or large
mass flows. The justification is the observation of massive,
slow flows in a number of active galaxies and that most
clusters seem to preserve the cool-core structure and do not
invert their temperature gradients (Mittal et al. 2009). This
requires a local and gentle mechanism (e.g. Gaspari et al.
c© 2012 RAS, MNRAS 000, 1–??
Large-scale jets from AGN as a source of ICM heating 3
2011a,b). However, massive, slow flows are only observed
at distances that range from several kiloparsecs to tens
of kiloparsecs at most (e.g., Morganti et al. 2005, 2007;
Holt, Tadhunter & Morganti 2008; Nesvadba et al. 2008;
Guillard et al. 2012; Morganti et al. 2013) and appear
typically associated with a faster radio-jet with much larger
sizes, so they could well be a consequence of the action of
the relativistic jet on the ambient medium, more than a
main actor of the whole process (e.g., Nesvadba et al. 2008;
Guillard et al. 2012; Morganti et al. 2013).
The simulations of buoyant bubbles are all based on
observational evidence of pressure equilibrium between the
X-ray cavity and the cluster gas, and pressure-driven evolu-
tion is neglected. Different measures of lobe pressures sim-
ilar or even smaller than the pressure of the surrounding
gas support this idea (Croston et al. 2004, 2005). These
measures show that a dominant population of relativis-
tic protons is unlikely (Croston et al. 2005). However, in
the published calculations of the lobe pressure, the pos-
sible thermal component of the lobe gas is neglected be-
cause it is difficult to estimate. This component could
be even the dominant population in the lobes, so the
values obtained would be severely underestimated. Pres-
sure equilibrium with the ambient medium could be thus
reached in very old or low power jets, but it is not the
case in active or powerful jets, as shown by the detec-
tions of shocks around their lobes (McNamara et al. 2005;
Nulsen et al. 2005; Simionescu et al. 2009b; Gitti et al.
2010; Stawarz et al. 2014). As recently shown in Paper I,
and by Wagner & Bicknell (2011), shocks may be extremely
important and efficient in the heating process of the galactic
and cluster gas, and can displace large amounts of gas from
the host galaxy, thus quenching star formation.
Shabala, Kaviraj & Silk (2011) have shown, via a study
of the colour evolution of local galaxies, that there is a
dual mode AGN kinetic feedback, which can be divided into
FRI and FRII-like feedback. The latter is claimed to be ex-
tremely relevant for the evolution of the host galaxy and its
environment. A possible positive feedback effect consisting
of star formation triggered at the regions of shocked ambi-
ent medium has been claimed by Gaibler et al. (2012). This
work shows that the star-forming process would be the re-
sponse to the compression of clouds in the ISM when the
jet still propagates within the host galaxy. Although a large
amount of work has been done to study the different pos-
sible mechanisms and their effects, we still do not have a
clear idea of the relevant processes in different known sce-
narios or their relative importance. For instance, the role of
the magnetic fields in thermal conduction or viscous dissi-
pation remains unclear.
In Paper I we presented our first analysis on the in-
fluence of powerful relativistic jets on their environment,
mainly driven by the efficiency of conversion of the injected
energy into ambient-medium heating by a strong shock, on
the basis of four simulations of relativistic jets, differing in
jet power and composition. The analysis was focused on one
of these simulations, in which the shock-heating was clearly
observed. In addition, the evolution of the different simu-
lations was modeled using an analytical approximation. In
this work we analyze in detail the whole set of simulations,
paying attention to the similarities and differences among
them in different terms. In particular, we discuss the dif-
ferences in their effect on the ambient medium and their
morphologies. We also add the results from a Newtonian
(non-relativistic) simulation that is compared with its rela-
tivistic counterpart. These simulations represent the longest
timespan yet produced for relativistic hydrodynamics simu-
lations of jets with different powers and compositions, with
the aim to study 1) the interaction with the ambient medium
and its effects, and 2) the long-term properties of jets and
the cocoons that they form and are observed as radio-lobes
or X-ray cavities. For this, we used two-dimensional axisym-
metric simulations with the code Ratpenat, performed in the
supercomputer Mare Nostrum, with a total amount of ≃ 106
computing hours. This is by far, the largest computational
effort done to study the long-term evolution of extragalactic
jets. The paper is structured as follows: the setup of the sim-
ulations, together with the parameters used are presented in
Section 2, and the results are given in Section 3. Section 4
includes a discussion of the results. A summary and the con-
clusions of this work are provided in Section 5.
2 SIMULATIONS
2.1 Computational setup
The simulations presented in this paper use the finite-
volume code Ratpenat (Perucho et al. 2010). Ratpenat is
a hybrid – MPI + OpenMP – parallel code that solves
the equations of relativistic hydrodynamics in conserva-
tion form using high-resolution-shock-capturing methods
(see Perucho et al. 2010, and references therein): i) primi-
tive variables within numerical cells are reconstructed using
PPM routines, ii) numerical fluxes across cell interfaces are
computed with Marquina flux formula, iii) advance in time
is performed with third order TVD-preserving Runge-Kutta
methods.
The numerical grid is structured as follows: in the radial
direction, a grid with the finest resolution extends up to
50 kpc (Model J45l, J1 in Paper I) or 100 kpc (Models J46
-J2 in Paper I-, J44 -J3 in Paper I-, J45b -J4 in Paper I-).
An extended grid with decreasing resolution was added up to
1 Mpc. Along the axis, the grid extends up to distances close
to 1 Mpc with homogeneous resolution (50-100 pc/cell). This
translates into a total grid size of around 1800×10000 (radial
and axial, respectively) cells. The time-step during the first
part of the simulations, when the jet is still active, was 50
to 100 years. The boundary conditions in the simulations
are reflection at the jet base, to mimic the presence of a
counter-jet, reflection at the jet axis and outflow at the end
of the grid in the axial and radial directions.
The equations that are solved by the code are those
corresponding to the conservation of mass, momentum and
energy. These conservation equations are, in the case of a
relativistic flow in two-dimensional cylindrical coordinates
(R, z), assuming axisymmetry and using units in which c =
1:
∂U
∂t
+
1
R
∂RFR
∂R
+
∂Fz
∂z
= S, (1)
with the vector of unknowns
U = (D,Dl, S
R, Sz, τ )T , (2)
fluxes
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F
R = (DvR, Dlv
R, SRvR + p, SzvR, SR −DvR)T , (3)
F
z = (Dvz, Dlv
z, SRvz, Szvz + p, Sz −Dvz)T , (4)
and source terms
S = (0, 0, p/R + gR, gz, vRgR + vzgz)T . (5)
The five unknowns D,Dl, S
R, Sz and τ , refer to the
densities of five conserved quantities, namely the total and
leptonic rest masses, the radial and axial components of the
momentum, and the energy (excluding rest-mass energy).
They are all measured in the laboratory frame, and are re-
lated to the quantities in the local rest frame of the fluid
(primitive variables) according to
D = ρW, (6)
Dl = ρlW, (7)
SR,z = ρhW 2vR,z, (8)
τ = ρhW 2 − p − D, (9)
where ρ and ρl are the total and the leptonic rest-mass den-
sities, respectively, vR,z are the components of the velocity
of the fluid, W is the Lorentz factor (W = 1/
√
1− vivi,
where summation over repeated indices is implied), and h is
the specific enthalpy defined as
h = 1 + ε+ p/ρ, (10)
where ε is the specific internal energy and p is the pressure.
Quantities gR and gz in the definition of the source-term
vector S, are the components of an external gravity force
that keeps the atmosphere in equilibrium (see Sect. 2.3).
The system is closed by means of the Synge equation
of state (Synge 1957, described in Appendix A of Perucho
& Mart´ı 2007) that accounts for a mixture of relativistic
Boltzmann gases (in our case, electrons, positrons and pro-
tons). The code also integrates an equation for the jet mass
fraction, f . This quantity, set to 1 for the injected beam
material and 0 otherwise, is used as a tracer of the jet mate-
rial through the grid. In these simulations, cooling has not
been taken into account, as the typical cooling times in the
environment are long compared to the simulation times (see
Figure 10 in Hardcastle et al. 2002).
The simulations were performed in Mare Nostrum, at
the Barcelona Supercomputing Center, and Tirant, at the
University of Vale`ncia, within the Red Espan˜ola de Super-
computacio´n (Spanish Supercomputing Network), with up
to 128 processors, which were added as the jet evolved (start-
ing with 16 processors). These simulations required around
2 × 105 computational hours, depending on the model, re-
sulting in a total of around 106 hours.
2.2 Jet parameters
We performed four simulations of 2D axisymmetric, rel-
ativistic jets with the aim to study the global structure
and dynamics of the cocoon-shocked ambient medium sys-
tem depending on the jet power and composition. The de-
tailed list of parameters used in each simulation is listed in
Table 1. These jets, with kinetic powers ranging between
Lk = 10
44 and 1046 erg s−1, are injected at 1 kpc, with a
radius, Rj = 100 pc. The flow velocities at injection range
from vj = 0.9 c to vj = 0.99 c, and typical density ratio be-
tween the jet material and environment of ρj/ρa = 5×10−4.
The injection of the jets with these characteristics lasted for
16-50 Myrs, depending on the model. After this time the
jet injection velocity is continuously reduced down to zero1,
implying no injection, and we still follow the evolution of
the whole system (Paper I). The resolution is 1 cell per jet
radius at injection in models J46 and J44, and 2 cells per jet
radius in the case of J45l. This small resolution is justified
by two main reasons: i) as the jet expands along the grid, it
is progressively resolved by a larger amount of cells, with 12
(24 in the case of J45l) cells/Rj at 100 kpc and 32 (64 in the
case of J45l) at 400 kpc, and ii) in this work we want to fo-
cus more on the overall jet-cavity-shocked ambient medium
structure, so the resolution within the jet is not a crucial
point.
An additional simulation of a wide and slow, non-
relativistic jet was performed in order to have a direct com-
parison of its effects on the ambient medium as compared to
the relativistic case. The parameters were chosen to obtain
the same injection power as in J46. We used a large flow
radius at injection, Rj = 3kpc, injection velocity, vj = 0.3 c,
and electron-proton composition (cf. the leptonic composi-
tion of J46). With these numbers, the jet temperature is
3.3 × 108 K and the jet internal Mach number is 18.2. This
is a clearly unrealistic parameter set for extragalactic, pow-
erful outflows, if we consider that the injection of the jet is
located at 1 kpc from the active nucleus and the jet radius is
3 times larger, and also the relativistic nature of those jets
(Bridle et al. 1994). However, these are the numbers needed
to obtain an outflow with a kinetic power of 1046 erg/s, and
typically used in the literature to simulate those massive and
slow outflows. An alternative is to increase the jet mass flux
by increasing the density. In this case, keeping vj = 0.3 c we
obtain ballistic propagation and a very thin cocoon, which is
in disagreement with observed morphologies of extragalactic
jets.
2.3 Ambient medium
The jets are injected in a computational domain filled
with an ambient medium in hydrostatic equilibrium with
a King-like density profile that takes into account the el-
liptical galaxy – origin of the jet – and the galaxy cluster.
The density profile parameters follows from fits to the X-
ray data of the source 3C 31 (Komossa & Bo¨hringer 1999;
Hardcastle et al. 2002). The profile for the number density of
such a medium is (Hardcastle et al. 2002; Perucho & Mart´ı
2007):
next = nc
(
1 +
(
r
rc
)2)−3βatm,c/2
+
+ng
(
1 +
(
r
rg
)2)−3βatm,g/2
, (11)
with nc = 0.18 cm
−3, rc = 1.2 kpc, βatm,c = 0.73, ng =
0.0019 cm−3, rg = 52 kpc, and βatm,g = 0.38. The dark
1 At the switch-off time, the injection velocity starts to decrease
following a power law which reduces it to zero in a typical time
scale of 10 Myrs.
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Table 1. Parameters of the simulated jets. From left to right the columns give the model, the injection velocity, the injection density,
the leptonic number fraction, the jet radius at injection, the jet power, the maximum resolution, and the switch-off time. Please note
that the names have been changed with respect to those in Paper I, with J45l corresponding to J1, J46 to J2, J44 to J3, and J45b to J4
in that paper.
Model vj [c] ρj [g/cm
3] Xe Rj [pc] Lk [erg/s] max. resol. [pc/cell] toff [Myrs]
J44 0.9 8.3× 10−30 1.0 102 1044 100 50
J45l 0.9 8.3× 10−29 1.0 102 1045 50 50
J45b 0.9 8.3× 10−29 0.5 102 1045 100 50
J46 0.984 8.3× 10−29 1.0 102 1046 100 16
J46n 0.3 8.3× 10−29 0.5 3× 103 1046 100 16
1 10 100 1000
r (kpc)
10-29
10-28
10-27
10-26
10-25
ρ g
 (g
/cm
3 )
1 10 100 1000
r (kpc)
10-13
10-12
10-11
10-10
10-9
P a
 (d
yn
/cm
2 )
Figure 1. Density and pressure profiles of the ambient medium (cgs units) as defined in Eqs. (11) and (13).
matter halo accounting for the external gravity can be fitted
by a NFW density profile (Navarro, Frenk & White 1997).
All these parameters represent a moderate size galaxy clus-
ter with mass 1014M⊙ and ∼ 1Mpc virial radius. The cor-
responding temperature profile is (Perucho & Mart´ı 2007;
Hardcastle et al. 2002):
Text = Tc + (Tg − Tc) r
rm
for r 6 rm
Text = Tg for r > rm (12)
where Tc and Tg are characteristic temperatures of the
host galaxy and the group (4.9 × 106 K and 1.7 × 107 K,
respectively, and rm = 7.8 kpc is the matching radius.
The external pressure is derived from the number density
and temperature profiles assuming a hydrogen perfect gas
(Hardcastle et al. 2002; Perucho & Mart´ı 2007):
pext =
kBText
µX
next, (13)
where µ = 0.5 is the mass per particle in amu, X = 1 is
the abundance of hydrogen per mass unit, and kB is the
Boltzmann’s constant. The pressure and density profiles in
the (spherical) radial direction are plotted in Fig. 1.
3 RESULTS
The dynamics of the system is dominated by the jet active
phase, whose propagation through the ambient medium gen-
erates a characteristic morphology: i) a bow-shock that acts
on the ambient medium, ii) a terminal or reverse shock at
the head of the jet where the flow decelerates and heats
(forming the so-called hot-spot) and iii) the cocoon inflated
by the shocked jet particles and polluted with shocked am-
bient medium via instabilities arising at the contact discon-
tinuity between both media. This cocoon is typically hotter
and underdense compared with the ambient medium. Af-
ter the switching off the jet head velocities quickly drop
because of the short time scales needed by the relativistic
flow to reach the jet terminal shock. Then, the bow-shock
approaches sphericity very fast.
3.1 Active phase
The evolution of the cocoon-shocked ambient medium sys-
tem for model J46 was studied in Paper I, although this evo-
lution is qualitatively similar in all the models. The evolution
can be divided into three main phases: one-dimensional, two-
dimensional and Sedov. The first two phases correspond to
the active phase of the jet, whereas the last one corresponds
to the passive phase once the jet has been switched-off. In
this section we describe and compare the active phase for
models J44, J45l, J45b and J46.
In a homogeneous ambient medium, during the so-called
one-dimensional phase, the jet propagates at its estimated
one-dimensional speed (Mart´ı et al. 1997). In the present
simulations, the evolution in a density decreasing atmo-
sphere accelerates the jet propagation speed beyond the one-
dimensional estimate. The onset of the multidimensional
phase is triggered by multidimensional, dynamical processes
taking place close to the jet’s head. The change between
c© 2012 RAS, MNRAS 000, 1–??
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the one-dimensional and two-dimensional phases occurs in
a few (1.5 − 2.6) million years for all the models. During
the multidimensional phase, the head of the jet decelerates
increasing the flux of jet material into the cocoon. This in-
creased flux of material plus the density profile of the ambi-
ent medium results in a fast expansion of the cocoon, which
pushes the bow-shock. Figures 2 shows the position of the
head of the bow shock along the axis and the mean radius
in the transversal direction. The end of the two-dimensional
phase (and the beggining of the Sedov phase) for the differ-
ent models are indicated with circles in the figure. During
the two-dimensional phase, the bow-shock expands in the
axial direction with velocities 0.01 − 0.06 c (0.01 − 0.03 c, in
the case of model J44). The corresponding Mach numbers
range between 5 and 30 (3 and 10, in the case of model J44,
see Fig. 2).
Figure 3 shows the evolution of the pressure, rest-mass
density and temperature in the shell (formed by shocked
ambient medium) and in the cocoon versus the position
of the head of the bow-shock, for all the models. The co-
coon is defined as the region inside the bow-shock where
the jet-mass fraction is larger than 1%. The shell is the rest
of the shocked volume. The drops in the evolution of the
variables are caused by the transition between the active
and the passive phase (marked by circles in the correspond-
ing lines). During the active phase, the expansion of the
cocoon-shocked ambient medium system translates into a
steep decrease of pressure and density, whereas the temper-
ature remains fairly constant as expected from the analytic
eBC model presented in Perucho & Mart´ı (2007) and Pa-
per I. The pressure in the cocoon and the shell are very sim-
ilar, as expected from the large sound speeds in the shocked
region, which allows a rapid homogenization of the pressure.
In the two-dimensional phase, the main differences
among models are caused by the different jet propagation
speeds which control the flux of matter and energy into the
cocoon. Figure 4 shows density and temperature maps at
the end of the active phase. These maps display the jet,
the hot-spot and the overall morphology of the bow-shock
and the cocoon. Model J44 show the smaller propagation
speed and thus has the largest relative fluxes into the cocoon
and develops a wide conical cocoon and bow-shock with the
smallest aspect ratio (length over width, lbs/rbs). Despite
its low kinetic power, Lk = 10
44 erg/s, typical of powerful
FRI sources, J44 shows FRII morphology. This result follows
from the suppression of three-dimensional instabilities that
could disrupt the jet flow. The shape of the cocoon in models
J45l and J45b is similar to that of model J44 although more
cylindrical towards the jet base. The global morphology of
the bow-shock and the cocoon of models J45l and J45b (with
the same jet kinetic power, density and speed but different
composition) is very similar, in agreement with the results of
Scheck et al. (2002). Both jets reach a distance ≃ 500 kpc
in 50 Myr. The main difference between them lies in the
values of the cocoon temperature, which is much higher in
J45b than in J45l. The densities are, otherwise, very simi-
lar. Finally, in the case of J46, the fast initial propagation
velocity of the jet head (J46 reaches the same distance as
J45l and J45b in one third of the time) and its sudden de-
celeration along the two-dimensional phase produces a slim,
cup-shaped cocoon.
Figure 5 shows the mean values of rest-mass density,
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Figure 2. Position of the head of the bow-shock along the axis
of the jet (top panel), mean bow-shock radius (central panel),
and Mach number (bottom panel) versus time. The colours in-
dicate the different models: solid green is J44, solid red is J45l,
dash-dotted blue is J45b, dashed black is J46, and dotted black is
J46n. The position of the shock is defined as that of the first nu-
merical zone from the grid boundary with a non-zero flow velocity.
The Mach number has been obtained using a constant ambient-
medium sound speed (as corresponds to its isothermal nature at
r > 7 kpc) of 2.28× 10−3 c. The lines have been smoothed for the
sake of clarity. The end of the active phase is indicated by circles.
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Figure 3. Cocoon (left panels) and shell (right panels) pressures (top), densities (central), and temperatures (bottom) in cgs units,
versus position of the head of the bow-shock (see Fig. 2). The colours indicate the different models as indicated in the top left panel.
The thick, black line in the pressure and density plots indicates the ambient medium profiles as a reference. The end of the active phase
is indicated by circles.
temperature, axial velocity and jet radius versus distance.
The jet density decreases with distance (as a result of the
jet widening), with small increases at the conical shocks (re-
confinement shocks due to jet/cocoon pressure mismatch,
which create a pinched jet structure visible in the colour
maps of Fig. 4). The temperature rises slowly along the jet
due to heating of the flow at these shocks. The jet-flow de-
celerates slowly along the jet to axial velocities 0.7 − 0.8 c
due to the entrainment of material across the shear-layer
and also to the loss of kinetic energy at the conical shocks.
However, this deceleration does not prevent the flow to reach
the reverse shock with mildly relativistic speeds. The decel-
eration is more important in the case of J44, which is the
less powerful model. Finally, the jet radius grows monoton-
ically with distance and shows the effect of the pinching on
the jet width in the continuous up-and-downs that grow in
amplitude along the jet, forced by small pressure differences
with the environment. The final jet radii at z ≃ 500 kpc is
around 5 kpc for jets J45l, J46 and J45b.
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Figure 4. Density and temperature maps of models J44 (top), J45l (second row), J45b (third row) and J46 (bottom) at the end of the
active phase, at t = 50 Myr for the first three cases, and t = 16 Myr for J46. The images have been mirrored using the two axis of
symmetry, i.e., the jet axis and the base of the jet.
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Figure 5. Mean density (top left panel), temperature (top right panel), axial velocity (bottom left) in the jet, and jet radius (bottom
right) at the end of the active phase, coinciding with the maps shown in Fig. 4. The radius of the jet that limits the region where the
mean values are calculated has been chosen as the first position at which the axial velocity is 0.5 c. Beyond the reverse-shock, the plot
shows the ambient medium values of the parameters. The colours indicate the different models as indicated in the top left panel.
3.2 Passive phase
When the energy and thrust fluxes start to decrease, the
velocity of the head of the jet and, thus, the Mach numbers
of the bow shocks drop almost instantaneously to values
between one and two (see the bottom panel in Fig. 2) . The
reason is that the particles, travelling at v ≃ 0.9 c along the
jet need only ≃ 106 yrs (less than 1% of the simulated time)
to reach the jet head, located at 500 kpc (180 kpc in the
case of J44). It is remarkable that the Mach number of the
bow-shock in J44 preserves a value & 1 over a timescale of
300 Myr.
Figure 3 shows that the pressure inside the shocked re-
gion is larger by a factor 1.3 − 4, depending on the model,
than that in the ambient medium along the whole simula-
tion. This is the ultimate reason for the bow-shocks not to
evolve to transonic velocities. In the case of the density, the
shell and the cocoon show very different values. The shell
is formed by the shocked ambient medium and is thus com-
pressed and denser than the ambient medium, whereas the
cocoon is underdense with respect to the shell by a factor
of a hundred to a thousand. The temperature in the cocoon
and the shell is fairly constant during the active phase (see
previous Section), however, once the jet has been switched-
off, the temperature in the cocoon decreases as the cocoon
expands and the jet particles share their internal energy with
the cooler shocked ambient medium particles via mixing.
Models J45l and J45b show similar pressures and den-
sities in the cocoon because these parameters depend basi-
cally on the total injected energy and mass and the volume
of the cocoon, which are the same in both cases. Regard-
ing the values in the shell, the pressures also show a very
similar evolution. Model J45b, corresponding to the highest
temperature jet at injection gives the highest cocoon and
shell temperatures. However, the high Mach number of the
bow shock in model J46 heats the ambient medium by a
large factor making the shell temperature of this model to
approach that of J45b.
Figures 6 and 7 show the last snapshot of the differ-
ent simulations. The frame for J45l is at time t = 228 Myr,
J46 at t = 184 Myr, J44 at t = 280 Myr, and J45b at
t = 251 Myr. The first striking difference between J45l (lep-
tonic jet) and J45b (baryonic) is the different morphology
of the cocoon. That of the leptonic model widens outwards,
whereas in the baryonic case it is more homogeneous. The
cocoon in J46 forms a bubble that is basically detached from
the base of the grid. On the contrary, the cocoon in J44 is
divided into two parts. The main one is formed by matter
deflected at the reverse shock at early times in the simula-
tion. The slow advance speed of the jet’s head and its low
power places, via backflow, large amounts of matter close to
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the center which are isotropized by the gravitational field. A
similar effect is seen in other simulations of low power jets in
the context of models of deceleration of FRIs (Perucho et al.
2014). The second piece of the cocoon lies around the old
jet axis and is formed by the last ejected particles, which
do not flow back after passing through the reverse shock be-
cause this shock has already disappeared or becomes very
weak as the injection flux decreases.
3.3 Non-relativistic outflow
The black, dotted lines in Fig. 3 indicate the shell and cocoon
pressure, density and temperature for the slow jet model
J46n. As seen in the corresponding panels, the cocoon and
shell pressures in models J46 and J46n differ by a small fac-
tor. This is expected because the pressure is basically a result
of the total energy input (ignoring the rest mass energy) di-
vided by the total volume. The volume of the cocoon/shell
system is smaller in model J46n, but the internal energy is
larger in the case of J46. The shell densities of both models
are also similar since the outer shock is strong and the clas-
sical limit in the density jump across the shock is reached
in both cases. However the cocoon density is larger in the
slow jet because the total mass flux is much larger in this
case. Taking into account that the jet density is the same
and the jet radius is a factor 30 larger in this case, the mass
flux is 900 times larger in the slow jet than in J46. Finally,
the bottom panels of Fig. 3 show that the cocoon presents
a similar temperature in both cases and that the shell tem-
perature is larger in J46. Regarding the similar temperature
in the cocoon, it can be explained as in the case of models
J45l and J45b. Since the slow jet is made of electrons and
protons, the number of injected particles is smaller and the
energy per particle is increased, even though the slow jet
is colder. As a result, the temperature of the slow jet is 30
times larger than that of J46 at injection. Once in the co-
coon, the temperature changes and the difference between
the two models is reduced due to mixing with the ambi-
ent medium particles. Consistently with the fact that the
pressure is slightly larger and the density slightly smaller in
the relativistic model, the energy per particle and hence the
temperature is few times larger in the shell of model J46. A
clear difference between both models is the time lapse be-
tween the drop in jet injection (indicated by circles in the
panels) and the start of the corresponding decrease in den-
sity and pressure. This is due to the lower flow velocity in
the non-relativistic jet. The last injected particles take more
time to reach the jet head (where they get into the cocoon)
in the case of J46n. The different nature of the flow with
respect to the relativistic jets is clearly seen in Fig. 5. The
non-relativistic flow is denser, slower and shows less struc-
ture, as expected from its larger inertia. This structure does
not recover, by construction, the observed properties of pow-
erful FRII jets, which are mildly relativistic up to hundreds
of kiloparsecs, as shown by the brightness asymmetries be-
tween jets and counter-jets in those powerful jets (see, e.g.,
Bridle et al. 1994).
Figure 8 shows the maps of rest-mass density and tem-
perature for model J46n at the end of the active phase
(t ≃ 16Myr, top panel) and at the end of the simula-
tion (t ≃ 170Myr, bottom panel). The non-relativistic jet
is slower than its relativistic counterpart during the active
phase as deduced from the positions of the jet head of J46
(bottom panel of Fig. 4) and J46n (top panel of Fig. 8).
Conversely, during the passive phase, the axial expansion of
the cocoon/shell system becomes faster (and the sideways
expansion slower) in J46n owing to the larger inertia of the
protons that forms the non-relativistic jet (see bottom pan-
els of Figs. 7 -J46- and 8 -J46n-). Thus, an important differ-
ence between leptonic dominated and baryonic dominated
jets is the aspect ratio of both the outer shock and the co-
coon, which is smaller in the relativistic case.
4 DISCUSSION
4.1 Cocoon evolution
In Paper I, the long-term evolution of the cocoons
in our numerical simulations was interpreted within
the so-called extended Begelman-Cioffi’s model (eBC
from now on, Begelman & Cioffi 1989; Scheck et al. 2002;
Perucho & Mart´ı 2007), which describes the expansion
against the ambient medium of the overpressured cocoons
raised by the continuous injection of energy from a super-
sonic jet. In this model, the axial expansion of the cocoon
(i.e. along the jet) proceeds at the advance speed determined
by the jet, whereas the sideways growth follows from the as-
sumption of the evolution being mediated by a strong shock.
The model allows for a power-law dependence of the jet ad-
vance speed with time and a non-uniform ambient medium
described by some power law. In addition, the model can
also describe the passive (supersonic) expansion of the co-
coon once the jet has ceased its activity (Sedov phase).
As concluded in that paper, the eBC model describes
consistently the long-term evolution of the simulated co-
coons along the jet active phases (phases i) and ii); see
Sect. 3.1). In the present paper, we concentrate in the Sedov
phase, where the differences between the model and the sim-
ulations are larger. In this late phase of the evolution, the
sideways expansion seems to be better described as being
mediated by a weak shock for which the expansion speed
is≈ cs,c ∝ (Pc/ρc)1/2 (where cs,c, Pc and ρc are the mean
sound speed, pressure and rest-mass density of the cocoon,
respectively). In the limit of adiabatic expansion, cs,c ∝ P 1/5c
(for an adiabatic exponent of 5/3), which introduced in the
eBC model gives Rc ∝ t(4−α)/7 (where α is the power of the
advance speed of the bow shock along the axial direction).
Computing the exponents of the sideways expansion with
time for the models listed in Table 2 of Paper I, one gets
approximately Rc ∝ t2/3 for the three cases (0.66-0.69), still
smaller but closer to the simulated values (0.72-1.00) than
the ones obtained assuming a strong shock wave in the side-
ways expansion (0.54-0.61).
We now discuss the role of buoyancy as the driving
mechanism for the passive cocoon expansion. The force of
buoyancy experienced by a bubble of plasma in a gravity
field, for large ambient medium to bubble density contrast,
is proportional to the volume of the bubble, the ambient
medium density and the strength of the local gravitational
field. We can estimate the role of buoyancy in the expansion
of the underdense cavities2 formed by the jets by describ-
2 The underdense region defined by the cocoon (Fig. 3) corre-
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Figure 6. Density and temperature maps of models J45l and J45b towards the end of the simulations, at t ≃ 300 Myr and t ≃ 250 Myr,
respectively. The images have been mirrored using the two axis of symmetry, i.e., the jet axis and the base of the jet.
ing those cavities as pairs of bubbles (the cocoons of the jet
and the counter-jet) separating from the center of the grav-
itational potential well. The basic ingredients of the model
are the distance of the bubbles to the galactic center, Lb,
the radius of the bubble, Rb, the ambient medium density,
sponds to the X-ray cavity related to the regions filled by the
radio-lobes formed by jets (see, e.g., Paper I).
ρa, and the acceleration of gravity. The rise velocity of the
bubbles, vb, is then
vb ∝ t−
3δ+2
β+γ
−1
. (14)
In this simple model, the volume of the bubble is propor-
tional to R3b, with Rb ∝ tδ, whereas the gravitational accel-
eration is the one created by the dark matter halo, with a
spherical density distribution given by ρDM ∝ rγ . For the
ambient medium density we have ρa ∝ rβ . In our numerical
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Figure 7. Density and temperature maps of models J44 (top) and J46 (bottom) towards the end of the simulations, at t ≃ 350 Myr
and t ≃ 180 Myr, respectively. The images have been mirrored using the two axis of symmetry, i.e., the jet axis and the base of the jet.
setup β = −1.02 beyond 100 kpc. On the other hand, δ varies
typically between 2/5 for a strong shock (i.e., Sedov expan-
sion) and 1/2 for a weak shock/transonic expansion (assum-
ing adiabatic expansion, with adiabatic index 5/3). Finally,
for a NFW profile of dark matter distribution, γ ≈ −1 for r
much smaller than Rs, the halo scale radius, −2 for r ≈ Rs,
and −3 for r ≫ Rs. Beyond 100 kpc, the dark matter profile
used in our simulations can be fairly fitted by a NFW profile
with Rs ≈ 270 kpc and γ can be taken ≈ −2 up to 1 Mpc
(see also Komossa & Bo¨hringer 1999).
Equation (14) leads to accelerating bubbles for almost
all the combinations of parameters within the ranges given
above. In particular, taking {β, γ, δ} = {−1,−2, 1/2}, the
rise velocity of the bubbles follows vb ∝ t1/6 (i.e., slightly
accelerating), which is in conflict with the law for the axial
expansion velocity of the cavity (tα with α = −0.83,−0.60;
see Table 2 of Paper I) found in our simulations. The conclu-
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Figure 8. Density and temperature maps of model J46n at the end of the active phase, t = 16 Myr (top panel), and at the end of the
simulation, t ≃ 170Myr (bottom panel). The images have been mirrored using the two axis of symmetry, i.e., the jet axis and the base
of the jet.
sion is that buoyancy is not the dominant process causing
the expansion of the cavity.
The model described in the previous paragraphs does
not take into account the effect of dragging onto the bubble,
which in the long term will cause it to reach some limit
speed. Hence, another way to look for clues of buoyancy is
to estimate the limit speeds and to compare them with the
actual cavity expansion speeds. The terminal speed can be
obtained by balancing the buoyant force and the drag (see,
e.g., Churazov et al. 2001)
vb,t ≈
√
2g
Vb
Sb
, (15)
where Vb and Sb are the volume and the cross section of
the bubble, respectively, and g is the acceleration of grav-
ity, all assumed to be constant. In this expression, the drag
coefficient, depending on the geometry of the bubble and
the Reynolds number, is probably overestimated by setting
it to 1. Now, applying this expression to model J46 close
to the jet switch-off (t = 13.5 Myrs) and at the end of
the simulation (t = 180 Myrs), we get the terminal speeds
vJ46,t = 3.75 × 10−3c, 3.15 × 10−3c, where the variation
comes from the changing conditions along the bubble evo-
lution. On the other hand, at t = 13.5 Myrs, the measured
rise speed of the bubble is larger than 6.4× 10−3c. The fact
that the true rise speed is about a factor of 2 larger than
the expected terminal speed by drag should be interpreted
as an additional sign that another process different from
buoyancy (in this case the Sedov expansion) is the driver of
the cavity evolution. However, the same exercise repeated
for the less powerful jet model J45l gives an average rising
speed of 1.36× 10−3c, well below the estimated limit speed,
≈ 4.30× 10−3c. Therefore, the previous argumentation can-
not be applied in this case.
A possible picture emerging from the results presented
in this section is that the expansion of the cavities in our
simulations is still driven by shocks in all the cases, but in
contrast with earlier phases, the evolution of the cavities
along the passive phase is better described as mediated by
weak shocks. This effect is more apparent in the less pow-
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Figure 9. Work done by the injected gas to displace the ambient
medium, considering the whole volume of the cocoon. The colours
of the lines indicate the different models as indicated.
erful jets, which can be undergoing a gentle transition to
buoyancy.
4.2 Large-scale morphology: comparison with
observations
4.2.1 Jet composition and thermodynamics
Figure 9 shows the work done to create the cavities for all
models. In the case of the relativistic jets, this represents
a large amount of the injected energy. There is, however, a
difference in the work performed in terms of the original jet
composition (dash-dotted blue and solid red lines in Fig. 9).
The reason for this difference is the larger relative inertia of
the protons that dominate the jet dynamics in J45b, which
results in a larger axial expansion, as opposed to the im-
portant sideways expansion in the case of J45l. This is also
an important difference between models J46 and J46n. J46n
shows that the inflation of a cavity is necessarily related to
the value of the internal energy in the jet with respect to its
kinetic energy.
A second major difference between the relativistic and
the non-relativistic jets (J46 and J46n) concerns the amount
of gas showing an increase in entropy. The entropy follows
accurately the temperature maps (Figs. 4, 7, and 8) and, al-
though the average value of entropy is similar in both cases,
the volume of gas with increased entropy is much larger in
the relativistic case.
4.2.2 Cocoon composition and overpressure
Cocoons are composed by a mixture of shocked jet gas
and shocked ambient gas. The mixing occurs via Kelvin-
Helmholtz instabilities growing at the contact discontinuity
between both shocked flows. The mass contribution of the
shocked ambient medium is larger, even though only a small
fraction of the total amount of shocked ambient medium is
entrained in the cocoon. Despite the contribution of shocked
ambient gas, the cocoon is hotter than the shocked ambient
medium, owing to the large temperature of the jet parti-
cles, which are not only injected with high temperature but
also gain internal energy at the recollimation shocks along
the jet and at the reverse shock, during the active phase. A
number of works have studied the composition of cocoons
in FRII jets. Croston et al. (2004) showed that the ener-
getics in the lobes of FRII jets require the existence of a
cold gas component or magnetic field that dominates the
pressure if it has to be overpressured with respect to the
ambient medium. If we consider that the radio and X-ray
emitting particles have to be at the high-energy tail of the
particle distribution, these emitting particles can only be
shocked jet particles that have been accelerated at the re-
verse shock or within the turbulent cocoon. However, there
may exist a non-emitting population of thermal particles.
Ito et al. (2008) have suggested that the thermal particles
could dominate the cocoon pressure. Their result indicates
that the internal energy budget of the non-thermal parti-
cles is larger than that of the magnetic field by a factor
of a few, whereas the total internal energy of the thermal
component could be up to two orders of magnitude larger.
Colafrancesco (2008); Colafrancesco & Marchegiani (2011);
Colafrancesco et al. (2013) have shown that the contribution
of this thermal component to the cocoon energetics could
be determined by measuring the Sunyaev-Zeldovich effect
in the radio lobes.
We observe that the contribution of the jet flow particles
to the total amount of particles in a cell within the cocoon is
smaller than 10% at any time, which implies that, even con-
sidering that all jet particles were non-thermal, there would
still be a factor 10 more particles mixed from the shocked
ambient medium. Therefore, we conclude from our simula-
tions that mixing with the shocked ambient gas is efficient
enough to compensate for the apparent low pressure in the
lobes measured from the non-thermal population.
This conclusion is relevant from the perspective of heat-
ing, too: as the cocoon (cavity) pressure is measured from
the non-thermal component alone, the broadly spread idea
that cavities are in pressure equilibrium with the ambi-
ent medium could be inaccurate. This possible miscon-
ception is used in the literature to exclude the possibil-
ity of weak shocks surrounding X-ray cavities and to in-
terpret outward cavity expansion in terms of buoyant mo-
tion, a regime that has not been reached by our jets af-
ter very long simulated times. Although a strongly mag-
netized cocoon seems to be excluded by different au-
thors (Ito et al. 2008; Colafrancesco & Marchegiani 2011;
Isobe, Seta & Tashiro 2011, and references therein), it is im-
portant to remark the effect that it could have on the picture
drawn in the previous paragraphs. A dynamically important
field could prevent mixing at the contact discontinuity be-
tween the shocked ambient medium and the shocked jet gas
(if aligned with this discontinuity), thus reducing the con-
tribution of this thermal gas to the cocoon/cavity pressure.
Taking into account that the derivation of the non-thermal
component of pressure from observations takes the inten-
sity of the magnetic field into account, this would bring the
estimates of the cavity pressures based on the non-thermal
component alone closer to the real values of lobe-pressure,
thus pointing to pressure equilibrium between cavities and
ambient medium and, consequently, the presence of shocks
could be ruled out.
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4.2.3 Comparison with observations
Our simulations should be compared with those sources
in which weak shocks have been detected, which typi-
cally correspond to high-power jets, one of them showing
FRII morphology (e.g., 3C444, Croston et al. 2011). These
shocks have been shown to propagate to kiloparsec scales
in powerful radio sources, like Hercules A (Nulsen et al.
2005), Hydra A (Simionescu et al. 2009b), MS0735.6+7421
(McNamara et al. 2005), HCG 62 (Gitti et al. 2010), 3C 444
(Croston et al. 2011) or PKS B1358-113 (Stawarz et al.
2014). Our simulations reproduce the existence of large-
scale, low Mach number shocks around powerful radio
sources. Simulation J46 recovers their large-scale morphol-
ogy (e.g., McNamara et al. 2005; Croston et al. 2011, and
Paper I), with the outer shock pinched at the center. The
similarity is improved towards the end of simulations, when
J46 is long non-active, although in the case of the observed
sources they appear to be active (at least in the case of
3C 444, Croston et al. 2011). We expect that J46 would still
recover the observed structure during the active phase if 1)
the jet injection power was reduced, 2) the ambient medium
density was larger or 3) three-dimensional instabilities de-
veloped (that are forbidden in the case of our axisymmetric
simulations), as one of the causes that results in that mor-
phology is a decrease in the head advance velocity. However,
the deceleration of the jet head should not be enough to
change the global morphology to that obtained in the case
of J45l, J44, J45b and J46n. We thus expect that fine-tuning
of the jet and ambient medium properties will result in closer
simulated evolutions to those observed.
The difference in the morphology of the cocoons of mod-
els J46n and J45b with respect to J46 and J45l, as discussed
previously in this section, reflects also in their correspond-
ing X-ray maps. Figure 10 shows that J46n does not produce
an X-ray cavity with the same morphology and size as that
obtained for its relativistic counterpart. Thus, we can state
that those jets cannot be baryonic dominated, and that a sig-
nificant contribution of non-thermal particles or pairs to the
jet flow is required, in agreement with observational analysis
of multiwavelength emission in a quasar jet at parsec scales
(Kataoka et al. 2008).
4.3 On heating
4.3.1 On AGN kinetic heating
Shabala, Kaviraj & Silk (2011) have introduced the idea of
a dual-mode AGN kinetic feedback between galactic activity
and ambient media, depending on the nature of the jet. In
the case of low-power jets (jet kinetic power 6 1044 erg/s),
feedback can be more gentle and focused on the immediate
region around the host galaxy, affecting up to ∼100 kpc,
whereas in the case of powerful jets (jet kinetic power
> 1044 erg/s), the feedback can be much faster and heat, not
only the surroundings of the galaxy, but also larger regions
up to hundreds of kiloparsecs. In addition, the large-scale
shocks detected around a number of radio-galaxies must
have played a fundamental role in the heating of the gas
surrounding their host galaxies (e.g., Stawarz et al. 2014).
Our set of simulations, which span two orders of mag-
nitude of jet kinetic powers, allows us to give support
to this scenario. J44 represents a low-power jet, which is
well-collimated during the active phase, due to the ab-
sence of growing helical instabilities, which are forbid-
den by the two-dimensional nature of the simulations,
or strong recollimation shocks. The large difference in
head advance velocity with the other jets limits the de-
position of energy to a smaller region (∼ 100 kpc mean
radius) during the active phase. Later, the weak shock
slowly expands up to ∼ 300 kpc, but the hot plasma in-
jected is only located in the central regions. These re-
sults must be scaled depending on the properties of the
ambient medium (Kawakatu, Kino & Nagai 2009): the dis-
tance travelled by jets will be smaller for denser me-
dia. Shocks have been detected even in less-powerful jets
(Kraft et al. 2007; Croston et al. 2007), and this is also con-
firmed by numerical simulations (Perucho & Mart´ı 2007;
Bordas, Bosch-Ramon & Perucho 2011), so we expect that
mechanical heating is active in low-power jets during the
first Myrs of evolution.
In contrast, the powerful jets J45l, J45b and J46 ex-
pand rapidly and heat large regions beyond the host galaxy,
up to several hundred kiloparsecs, mainly via strong shocks.
During the active phase heating is focused along the privi-
leged axis of propagation of jets, but it is rapidly isotropized
when the advance speed of the head is reduced in the passive
phase. Our results thus support the dual-mode kinetic feed-
back proposed by Shabala, Kaviraj & Silk (2011), with pow-
erful radio sources associated to heating by strong shocks,
and low-power radio sources associated to a more gentle
heating mechanism, involving weak shock waves and mix-
ing.
The different scales at which low- and high-power jets
operate are also inferred from radial profiles of the relevant
quantities. Figures 11, 12 and 13 show the radially averaged
distributions of rest-mass density, gas temperature, internal
energy density and cooling times for the cases of J46, J44
and J46n, respectively, at different times during the simu-
lated evolution. These profiles have been obtained taking
into account the axisymmetric nature of the simulations,
reconstructing their 3D structure, and averaging the result-
ing distribution in spherical shells. We would like to stress
that these figures cannot be directly compared with observa-
tions as they are calculated from the simulations, taking into
account the whole physical information. The thick, black
lines correspond to the profiles before injection. In all cases,
the region within the cocoons is emptied of gas and heated,
which results in very long cooling times. In the case of J44,
this region is of the order of tens of kiloparsecs, whereas in
the case of J46 it extends to a hundred kiloparsecs. Cooling
times are relatively short only in regions in which the gas is
compressed by the shock. However, this gas is flowing out
so it cannot form a cooling flow onto the galaxy. During the
passive phase, entrainment of shocked gas within the formed
cavity rises the density of the gas and cools it down. As a
result, the cooling times decrease again, but stay still far
from the original one, which is equivalent to that given in
Hardcastle et al. (2002) by construction. An important dif-
ference between J46, on the one hand, and J44 and J46n, on
the other hand, is the change in the internal energy profile
in the case of J46 with respect to the rapid recovery of the
initial profile in J44 and J46n. In the absence of energetic
losses, and taking into account that the energy injected by
the jets in our simulations is a minor fraction of the rest-mass
c© 2012 RAS, MNRAS 000, 1–??
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Figure 10. Synthetic X-ray luminosity map extracted from the last snapshot of simulations J46 (left) and J46n (right). The X-ray
cavities produced by J46n are smaller than those produced by lighter relativistic jets. The X-ray images shown in this figure has been
obtained by integrating the X-ray luminosity along a 90◦ line of sight, after applying axial symmetry revolution to the two-dimensional
simulation. The bolometric (integrated) luminosity is Lx ≃ 2 × 1045 erg/s in both cases. The bright ridge perpendicular to the jet axis
is a consequence of the lack of a detailed set-up for the host galaxy.
energy in the ambient medium, the systems tend to recover
their equilibrium state, forced by the gravitational potential.
Taking into account that the this potential is the same for
all the simulations, the difference in the relaxation times is
proportional to the ratio of injected energies. The main ac-
tor of this process is the pressure that drives the expansion
of the shocks (p = Einjected/V ): The larger the pressure, the
larger the force exerted for the expansion, and the longer
the time needed for the gravity to balance this force. The
difference in the total injected energy gives the difference in
the relaxation times between J46 and J44. In the case of J46
the cause of the longer relaxation time is the difference in
the thermal pressure as compared to J46n, where the mass
of the particles represents a larger proportion of the injected
energy, with respect to J46 (see top panels of Fig. 3).
Our simulations thus demonstrate that powerful jets
have a strong impact on the ambient medium by efficiently
heating and displacing a large amount of the ambient gas
(up to ∼ 1011M⊙, see Paper I). The increase of the gas
temperature and the long cooling times that we find imply
a significant reduction of the gas available for star forma-
tion in the central galaxy, thus having a dramatic impact
on galaxy evolution (see Sijacki et al. 2007; Dubois et al.
2013). Furthermore, by heating the ICM at large distances
from the central galaxies, we expect the AGN feedback to
have important implications also on the evolution of satel-
lite galaxies, in agreement with the observational finding of
Shabala, Kaviraj & Silk (2011).
4.3.2 Cool-core structure
The profiles in Figs. 11, 12 and 13 (in which the gas tem-
perature does not show any cool central region) cannot be
directly compared to observations because they are obtained
from the r − z simulation plane in spherical shells from the
origin. In order to compare our results with observational es-
timates, the projected values should be calculated. We have
calculated the projected, luminosity-weighted temperature
by 1) computing a three-dimensional distribution of ther-
mal X-ray luminosity-weighted temperature following the
axisymmetric nature of our simulations, and 2) projecting
along the line of sight for each pixel (at a viewing angle of
90◦). Figure 14 shows the radial profile of this projected,
luminosity-weighted temperature for J46 at the end of the
active phase (t ≃ 16Myr), and the profile obtained directly
from the gas temperature as given by the simulations, i.e.,
non-projected, and also shown in Fig. 11. When deriving the
projected, weighted temperature profile, the contribution of
external cells with lower-temperatures, but much brighter in
thermal radiation, decreases the mean value. In addition, it
makes the front shock more visible in the plot for the same
reason. On the contrary, in the case of the non-projected
profile, the inner region is dominated by the hot cells within
the cocoon (Figs. 11, 12 and 13). Although we only show the
temperature profiles for J46, the change in the temperature
gradient is observed for all the simulations.
As a result the profile of projected, luminosity-weighted
temperature (black-solid line in the figure) shows a flat dis-
tribution in the inner region and an increase towards the
location of the bow-shock. This distribution resembles ob-
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Figure 11.Mean density (top left), temperature (top-right), internal energy (bottom-left) and cooling times with distance to the galactic
nucleus for J46. The blue solid line represents the mean values at t ≃ 1Myr, the green dotted line at t ≃ 15Myr, the dark-blue dashed
line at t ≃ 50Myr, and the red line at t ≃ 200Myr. The thick, black line indicates the initial equilibrium state.
served cool-core profiles of luminosity-weighted tempera-
tures in different clusters that host powerful radio sources
(see, e.g., McNamara et al. 2005; Simionescu et al. 2009a;
Wong et al. 2008; Gitti et al. 2010; Stawarz et al. 2014).
Therefore, taking into account that 1) the luminosity-
weighted temperature is necessarily biased towards the val-
ues in the most luminous regions, and that 2) this reduces
the weighting of the volume filled by the hot, dilute plasma
injected by relativistic jets in AGN, it is not possible to ne-
glect this kind of mechanical feedback even in clusters that
show cool-cores. Cooling effects, which were not included in
our simulations, are not expected to play any role in this re-
sult, because the longest cooling times show up in the cen-
tral regions. Moreover those cooling times are larger than
the total simulated time (Figs. 11 and 12).
4.4 Comparison with other works, caveats and
future work
We present here the first relativistic simulations aimed to
study the long-term evolution of powerful AGN jets in the
context of feedback. Recent work by Wagner & Bicknell
(2011); Wagner, Bicknell & Umemura (2012) shows a study
of the influence of relativistic outflows in the host galaxy for
the first 105 yr of evolution and its importance in quenching
star formation within the galaxy. Although our simulations
are focused on largest scales and include a less detailed de-
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Figure 14. Radial profile of the projected, luminosity-weighted
temperature for J46 at the end of the active phase (t ≃ 16Myr,
black-solid line), and radial profile obtained directly from the gas
temperature as given by the simulations, i.e., non-projected and
non-weighted (red-dashed line).
scription of the ambient medium, our results point in the
same direction, as shown by the large amount of gas that
is displaced by shocks. We also performed a non-relativistic
numerical simulation with the aim to compare the results
obtained, not only with the relativistic simulation J46, but
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Figure 12.Mean density (top left), temperature (top-right), internal energy (bottom-left) and cooling times with distance to the galactic
nucleus for J44. The blue solid line represents the mean values at t ≃ 3Myr, the dark-blue dashed line at t ≃ 50Myr, green dotted line at
t ≃ 100Myr, the black dashed line at t ≃ 280Myr, and the red line at t ≃ 500Myr. The thick, black line indicates the initial equilibrium
state.
also with previous works that use this approach. In this sec-
tion we point out several differences with other works that
can explain the different results obtained.
Among previous works, we can distinguish between sim-
ulations in which the injection of the jet is imposed as a
poorly-collimated or collimated flow. In the former, the con-
servation of momentum flux forces the outflow propagation
velocity to decrease with distance, so that any shock wave
that can be initially generated tends to weaken and dis-
appear, becoming a sound wave (e.g., Vernaleo & Reynolds
2006, 2007; Sternberg & Soker 2009). On the contrary, our
results are comparable to those derived in the case of col-
limated (and continuous) injection: these works stress the
importance of shocks in the interaction between jets and
the heating of the ambient medium (e.g., Omma et al. 2004;
Zanni et al. 2005; Bru¨ggen et al. 2007; O’Neill & Jones
2010; Antonuccio-Delogu & Silk 2010; Gaibler et al. 2012;
Cielo et al. 2013). In other works in which the injection
of the jet is collimated (e.g., Cattaneo & Teyssier 2007;
Gaspari et al. 2011a,b) the flow has very low velocities
(103 − 104 kms−1) and in some cases, it is not continuous
(e.g., Gaspari et al. 2011a), triggering very different evolu-
tion and results to those presented in this paper. Another
difference is the presence of a galactic plus a cluster compo-
nent in the ambient medium in our simulations as compared
to a single cluster component in previous works. In addition,
the asymptotic β-parameter of ambient medium density and
pressure profiles, βatm,g in Eq. (11) is typically 0.5 in the
aforementioned works, whereas it is 0.38 in our case, with
the steeper gradient favoring buoyant motion.
Mittal et al. (2009) pointed out that most clusters pre-
serve the cool-core structure and do not invert their tem-
perature gradients. However, the radio properties of most
of the studied clusters show that they mainly correspond
to FRI jets, in terms of the luminosity division given by
Ghisellini & Celotti (2001b). This makes their results dif-
ficult to compare with our simulations, which are biased
towards high-power sources (J44 lies at the high-power
end of typical FRI jet power). Based on this observational
result,Gaspari et al. (2011a,b) showed that a slow, massive
outflow with irregular injection power could fulfill the re-
quirement of preserving a cool-core, even with the injection
of large power outflows, and suggested that this could be
a plausible mechanical feedback mode. However, our simu-
lations show that relativistic jets in powerful radio-galaxies
can also represent a fast and efficient heating mechanism
reaching hundreds of kiloparsecs. We have also shown that
this result is still compatible with the presence of observed
cool-cores.
The AGN jets are relativistic or mildly relativistic up
to hundreds of kiloparsecs (see, e.g., jet/counter-jet bright-
ness asymmetries, Bridle et al. 1994). In the case of FRII
c© 2012 RAS, MNRAS 000, 1–??
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Figure 13.Mean density (top left), temperature (top-right), internal energy (bottom-left) and cooling times with distance to the galactic
nucleus for J46n. The blue solid line represents the mean values at t ≃ 15Myr, the dark-blue dashed line at t ≃ 60Myr, green dotted
line at t ≃ 110Myr, and the red solid line at t ≃ 170Myr. The thick, black line indicates the initial equilibrium state.
jets, they keep a high degree of collimation and do not show
any hints of a wider, slower and massive surrounding flow,
even in the case of FRI’s at those scales. Following the com-
parison that we have performed here between jets J46 and
J46n, we can state that although those previous works can
be applicable to the observed galactic winds in some active
galaxies, they cannot be taken as simulations of the interac-
tion of relativistic flows with the ambient medium nor derive
any implications regarding the heating of the ICM by the
impact of relativistic flows or their influence on the presence
or absence of cooling flows in such scenarios. It is possible
that owing to the lower efficiency of slow and massive galac-
tic outflows, the temperature gradient would remain basi-
cally unchanged in that case, but these outflows must have
lower powers or shorter active periods than relativistic jets.
Otherwise they also generate strong shocks and change the
gas temperature profile, as shown by our simulation J46n
(see Fig. 13). In addition, massive, slow flows are only ob-
served at distances that range from several kiloparsecs to
tens of kiloparsecs at most (e.g., Morganti et al. 2005, 2007;
Holt, Tadhunter & Morganti 2008; Nesvadba et al. 2008;
Guillard et al. 2012; Morganti et al. 2013) and appear typ-
ically associated with a faster radio-jet with much larger
sizes, so they could well be a consequence of the action of
the relativistic jet on the ambient medium, more than a
main actor of the whole process (e.g., Nesvadba et al. 2008;
Guillard et al. 2012; Morganti et al. 2013).
Our two-dimensional simulations prohibit the devel-
opment of antisymmetric unstable waves such as he-
lical Kelvin-Helmholtz modes and favor jet collimation
and fast propagation. Bird, Martini & Kaiser (2008) and
Antognini, Bird & Martini (2012) computed the maximum
lifetime of FRII radio sources by comparing the results from
the model of evolution by Kaiser & Alexander (1997) and
Kaiser, Dennett-Thorpe & Alexander (1997) and mock cat-
alogs of known jet, lobe and ambient medium properties.
They obtained a typical lifetime of 1.5 × 107 yr in the case
of galaxy groups3 and of 1.9 × 108 yr in the case of galaxy
clusters. Our simulated jets propagate through hundreds of
kiloparsecs within a few tens of Myr, which represents a
faster propagation, owing to lower ambient medium density
and axisymmetry. It is important to remark that the am-
bient medium used in our work corresponds to that of a
radiogalaxy with an old jet (3C31, with an estimated age
larger than 108 yr, Perucho & Mart´ı 2007) that could have
changed the original properties. Future work will include
fully three-dimensional simulations and careful modeling of
the ambient medium to study, on the one hand, the influ-
ence of the ambient medium properties in the process of jet,
shock and cavity evolution, and, on the other hand, the ef-
3 This number underestimates the age in a factor five, as dis-
cussed in Antognini, Bird & Martini (2012).
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fect of the interaction on the evolution of clusters hosting
active galaxies and relativistic outflows.
5 SUMMARY AND CONCLUSIONS
We have performed the longest simulations of axisymmetric
two-dimensional jets evolving in a realistic pressure and den-
sity profiles. Our results show the large energetic efficiency of
ambient medium heating by AGN jets, and the long-lasting
existence of weak shocks that can dominate the cavity ex-
pansion until hundreds of millions of years in the case of
large-power, collimated outflows. We have shown that this
evolution follows the eBC model (Perucho & Mart´ı 2007,
and Paper I) with high accuracy, and that buoyant mo-
tion is still not the main driver of the evolution of cavi-
ties by the end of our simulations. The deviation from the
Sedov phase by the end of the simulations is interpreted
as a phase in which the evolution is dominated by weak-
shocks and possible transition to transonic speeds. This be-
haviour is observed mainly in the case of the low-power
jets, and further evolution could lead to buoyant motion. A
simulation of slow, massive, non-relativistic jet with usual
properties used in the literature, has also been performed.
The increase in the ambient medium entropy caused by
the non-relativistic jet involves a smaller region and the
work done in generating the cavity is an order of magni-
tude smaller than in the case of its relativistic counterpart.
In addition, we have shown that leptonic dominated jets
end up with more similar aspect ratios to observed large-
scale lobes than baryonic jets like the non-relativistic one.
The simulation of the most powerful (leptonic) jet recov-
ers the observed gross morphology of clusters embedding
jets that are clearly associated with detected shocks: Her-
cules A (Nulsen et al. 2005), Hydra A (Simionescu et al.
2009b), MS0735.6+7421 (McNamara et al. 2005), HCG 62
(Gitti et al. 2010), 3C 444 (Croston et al. 2011) or PKS
B1358-113 (Stawarz et al. 2014). Therefore, we conclude
that an important fraction of the jet’s energetic budget has
to be in the form of internal energy to explain the mor-
phology of the X-ray cavities. In general, it is assumed that
the cavities and the surrounding ambient medium are in
pressure equilibrium, on the basis of pressure estimates that
are obtained from the non-thermal population in the radio-
lobes. However, our simulations show that ongoing mixing
at the contact discontinuity between the shocked jet and
ambient gas introduces an important amount of cold gas in
the cavity, resulting in cavity overpressure and the presence
of weak shocks well after the jet active phase.
Following our results, we claim that there is not a sin-
gle kinetic feedback mode from AGN, but that the main
way in which powerful radio galaxies heat their environ-
ment strongly depends on the properties of the outflow that
is generated. However, given the ample spectrum of outflow
energies and variety of manifestations of galactic activity,
the mechanism may vary from pure heating by slow mix-
ing, heat transfer, local heating by slow and massive out-
flows or radiative heating (see, e.g., McNamara & Nulsen
2007; Fabian 2012) to heating by strong shocks. Our re-
sults show that in the case of radio galaxies with powers
& 1044 erg/s, the main heating mechanism is mechanical
heating by shocks, which also seems to be enough to stop
cooling flows. This is consistent with the dual-mode AGN ki-
netic feedback suggested by Shabala, Kaviraj & Silk (2011).
We have shown that luminosity-weighted temperature pro-
files could give cool-core structures even in the sources in
which shocks have been detected. Our results show that a
hot inner region with long cooling times could be hidden
even in the case of mechanical heating by powerful AGN jets,
as the cool-core structure is recovered by the luminosity-
weighted temperature also in that case. This hot, thermal
component of dilute gas with temperatures around 109 K
could be detected with ALMA via the Sunyaev-Zeldovich
effect (Colafrancesco et al. 2013). Finally, we conclude that
the amount of gas that is expelled from the galaxy by strong
shocks should result in a drastic quenching of star-formation
in those galaxies and thus, in their reddening.
Future work should exploit three-dimensional simula-
tions, including cooling terms in the equations and an im-
proved initial set up, to account for a more detailed descrip-
tion of the ambient medium.
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